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FOREWORD

The Subcommittee on Radlochemistry 1s one of a number of
subcommlttees working under the Commlttee on Nuclear Sclence
wlthin the Natilonal Academy of Sclencegs - Natlonal Research
Councll. Its members represent government, lndustrial, and
universlty laboratories in the areas of nuclear chemistry and
analytical chemlstry

The Subecommlttee has concerned ltself with those areas of
nuclear sclence whlch involve the chemlst, such as the collec-
tlon and dilstributlion of radiochemical procedures, the estab-
lishment of speciflcatlons for radiochemlcally pure reagents,
avallabllity of cyclotron time for servlice lrradiations, the
place of radlochemlstry in the undergraduate college program,
ete. .

Thls serles of monographs has grown out of the need for
up-to-date compllations of radlochemlcal informatlion and pro-
cedures. The Subcommlttee has endeavored to present a seriles
which wlll be of maximum use to the working sclentlst and
"which contalns the latest avallable Information. Each mono-
graph collects 1n one volume the pertinent informatlon required
for radlochemical work with an individual element or a group of
closely related elements.

An expert 1ln the radlochemlstry of the particular element
has written the monograph, followlng a standard format developed
by the Subcommlittee. The Atomlc Energy Commlssion has sponsored
the printing of the series.

The Subcommlttee 1s confldent these publlcations wilill be
useful not only to the radlochemlst but alsoc to the research
worker In other flelds such as physics, blochemlstry or medicilne
who wishes to use radlochemlcal technliques to solve a specific .
problem.

W. Wayne Melnke, Chalrman
Subcommlttee on Radlochemlstry
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INTRODUCTION

This volume whlch deals wlth the radlochemlstry of rhenium
1s one of a serles of monographs on radiochemistry of the elements.
There 18 included a review of the nuclear and chemlcal features
of particular interest to the radiochemist, a discussion of prob-
lems of dissolution of a sample and counting techniques, and
finally, a collection of radiochemical procedures for the element
as found in the literature.

The serles of monographs wlll cover all elements for which
radlochemlcal. procedures are pertinent. Plans 1lnclude revision
of the monograph perlodlcally as new technlques and procedures
warrant. The reader 1s therefore encouraged to call to the
attentlon of the author any published or unpublished materlal on
the radiochemlistry of rhenlum which might be included 1ln a revised
version of the monograph. )
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II.

The Radiochemistry of Rhenium

G. W. LEDDICOTTE
Oak Ridge National Laboratory
Oak Ridge, Tennessee

GENERAL REVI_E:ws OF THE INORGANIC AND ANALYTICAL CHEMISTRY OF RHENTUM
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Rhenium, Bth Ed., Verlay Chemie, Berlin, 1955.

Noddack, I. and Noddeck, W., Das Rhenium, lelpzig, 1933.

Kleinberg, J., Argersinger, W. J., Jr. and Griswold, E., Inorganic
Chemistry, p. 530-544, Heath, Boston, 1960.

Wilson, C. L. and Wilson, D. W., Comprehensive Analytical Chemistry,
Elgevier, Amsterdam, 1959.

Sienko, M. J. and Plane, R. A., Chemistry, McGrew-Hill, New York, 1957.

Tribalet, S., Rhenium and Technetium, Gauthier-Villers, Paris, 1957.

Charlot, G. and Bezler, D., Quantitative Inorganic Analysls, Jchn Wiley
and Sons, Inc., New York, 1957.

Rodden, C. J., ed., Analytical Chemlstry of the Manhaettan Project,
Book B, Part I, p. LU2-L43, National Nuclear Energy Series, McGraw-Hill
Book Co., Inc., New York, 1950. '

RADIOCACTIVE NUCLIDES OF RHENIUM

_The redioactive nuclides of rhenium thaet are of interest in the radio-

chemistry of rhenium are given in Table I. This table has been complled



from information appearing in "Taeble of Isotopes" by D. Strominger, J. M.

Hollander, and G. T. Seeborg, Reviews of Modern Physics 30, 585-904 (1958). .

Table I

Radipactive Nuclides of Rhenium

Mode of Energy of
Radionuclide Half-life Decay Radiations, Mev Produced By

RelT8 15m gt gt: 3.1
el 2.h m gt, ¢ g': 1.1

y: 0.11, 0.88 .
Re 80 8B n EC.  y: 0.227, 0.282
R - 20m gt gt: 1.9
pe?®l 20 h- EC y: Many _
pel82 12.7 b EC 5: Many Daughter of 0s'02(21.9 )
Re163 7 a EC . : Many Daughter of 0s193(13.5 1)
pel84 50 d EC y: Many

184
Re 2,24 EC or IT 7: 0.043, 0.159
Re06 88.9n  p,7  B:0.93%, 1.072 Re1:Z(n,7)Re1§6
_ y: g:rl(gzz, 0.627, g186(, _1p,186

Rele&n 18.7m iT v: 0.0635, 6.105 Rele’-((n,7)Re188m1
Re188 16.7 b 8, ¥ B7: 1.96, 2.12  Re™¥T(n,y)Re2®® *

y: 0.1551
Re189 150 4 B, 7 B7: 0.2

7: 1.0
Re! 2.8m B, 7 B : 1.7

y: 0.191, 0.392,

0.57, 0.83

2 Also produced by OslBS(n,p)RelBB, Irlglﬁn,q)RelBe, and
W186(n,7)W187W187 EE hi Re_lBT(n’y)Relea' . :

III. THE CHEMISTRY OF REENTIUM AND ITS APPLICATION TO THE RADIOCHRMISTRY OF-
RHENTUM RADIONUCLIDES

Radliochemistry is probably hest described es being an analysis technique
used primarily either (1) .to assist in obtaining & pure radionuclide in some

form so that an absolute measurement of its redicactivity, radiastion emergles
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and half-life can be mede, or (2) to determine the amount of radioactivity
of & particular radioelement in a radionuclide mixture, or (3) to complete
a radioactivation enalysis being used to determine the stable element con-'
centration in a particular sample material. - In order to be an-aid in eccom-
_pliéhing any one of the ebove interests, radiochemistry usually considers

the isoletion of the desired radionuclide by either carrier or carrier-free

separatlon methods.

Generally, "carrier" methﬁds are used most freguently in redlochemistry.
They involve the esddition of a smell emount of lnective staﬁle element to
~a solution of the irradiated material to serﬁg as a cﬁirier of the radio-
nuclide of that element'through the seperation method. In "carrier-free"
sepaiations, i.e. radiochemicel techniques used moétly for ;bsolute'radio—
activity measurements (see (1) above), i1t is required that the radioelement
be isolated in a manner.able to glve either no amount §r a minimal-amouﬁt
of stable element in the final form to be used in tpe'radioactivity ﬁeasure-
ments.

In most instances, rediochemistry is dependent upon more cbnvéntional
ideas in analyticel chemistry involving separations by such methods as_pre—
cipitation, Eolvent extraction, chromatography, volatilization, and/or
electrolysis and the subsequent presentation of the isoclated radioelement:a
in e form suitable for a measurement of the radioglement's radioactivity.
One major difference exists betweeﬁ "carrier" radiochemistry end more con-
ventionsal analysis'techniqueé in that it is never always necessary to recover
completely the added amount of "carrier" element, since-a radiochemical
enalysis is designed to assure that the atoms of a radicective element’
achieve an isotopic state with the atoms of the inactive element and any
loss of the radioactive.species is proportional to the-léés of "carrier™
during the separatién process.

Colorimetric, polarographic, end volumetric snalysis techniques are
seldom used 1n radiochemistry, because they do not separate the desired

radionuclide from contaminants {eilther radioasctive or stable) in the mixture



being analyzed. However, some of the developments used in these analysis
techniques may be useful for considefétion in radiochemistry. Appendix A
lists some of the more recent references clted fdr the détermination of
rhenium by these analysis techniques.

The followlng information is intended to give some general idea of
the beh;vior of.rhenium and its compounds and how this behavior cen be used
in devising radiochemical analysis_methbds for the radionuclides of rhenium.
More detailed information can be obtalned either from the references given

in this section or from the general references given in Sectilon I.

‘A. The General Chemistry of Rhenium

Rhenium 1s an extremely rare element. It 1s distributed widely in

nature, yet it can only be found on the earth's surface in parts per billion.

It has no characteristic mineral, and it occurs in the hlghest concentration
in molybdenite and in some pletinum ores. It 1s chiefly produced by oxidiz-
ing smelter resldues obtained 1n the processing_of molybdenite. Reoh— ions
are formed during the oxldation process and finally Seﬁarated as potassium
perrhenate, KReOu, by adding potassium chloride to a solutlon of the rhenium
ions. Metallic rhenium can be produced by hesting the KReOu in a hydrogen
etmosphere. .

1. Metallic Rhenium

Rhenium metal is usually obtained as a daik-gray powder. When fabricated
into fmetal sheet, it resembles.platinum 1n appearence, and it is soft and
.malleable vhen it 1s puré. Rhenlum metel melts at 3150°,and it has a density
in the compact state of é6.9.

At ordinary temperatures, it 1s resistant to éir oxidetion; at temper-
etures in exceés of 1000°C it 1s attecked by oxygen. Powdered rhenium metal
1s slowly folatilized when heated gently in an oxygen atmosphere and will
form rhenium heptoxide, Re207. Conditions involving moist sir and ordinary
temperatures will bring about a graduel oxildation and the formation of strong

perrhenic acid, HReOu.



Rhenium metal does not form hydrides or nitrides. It will comﬁine
with phoephorus, arsenic, sllicon and tungsten to fbrm compounds; 1t will
form mixed crystalé only with chromium.

Hydrochloriec and hydrofluoric acids do not dissolve rhenium metal,'
but 1t will dissolve rapldly in nitrlc acid to form perrhenic acid, HReOu.
It will diseolve slowly in suifuric acld to give HReOh also. Perrhenic
acld salts can be formed by fusing rhenium metsl with aikali hydroxide.

2. Compounds of Rhenium

Ehenium can form compounds corresponding to all of the oxidation states

from -1 to +7. According to Latimer(l) the potentials in acid solution are

0.363
Re nay

Re —— ReO

Ret(2) o

Re

ReO,_I_I .

and rhenium in all lower oxidation states is readily oxldized by oxygen to
the perrbenetes. Compounds of the heptapositive state, +7, are the most
prominent. The +4 state is also favored by rhenium in some of its compounﬁs.
Compounds for the +3, +5, and +6.vglence'states.alao exist. Rhenium also
exhibits & mononegative valence, -1. Rhenide, Re_, has been prepared in
solution by reducing perrhenate with zinc in dilute sulfuric aéid.(z)

The most importent compounds formed by rhenlum include oxides, oxy-

salts, sulfides, fluorides, chlorides, chloro-selts, carbony;,compoﬁnds,'

and rhenides. Table II lists the more important of these compounds and
glves information about their solubllities.

a, The Oxide Compounds

Rhenigm metal will burn in oxygen to form rhenlum heptoxide, Re207.
The yellow Re207 crystals melt at 220° and dissolve very readily in water
to form perrhenic acid, HReOu. Rhenlum heptoxide, although very solub;e

in alcohol, 1s not very soluble in ether. A white oxide of unknown composl-
tion can be formed by gently heating. the yeilow heptoxi@e crystals in air
during the combustion of the rhgnium metal. It is believed that this oxidé

is a modified Re207 compound or the peroxide, Re208.



Table II

The Solubility of Rhenium Compounds™

Solubility
Compound. Formula In Cold Weter In Hot Weter ' For Other Reagents
Chlorides: ReCl " Soluble Soluble Soluble in acids
— 3 ‘and alkelis
ReClu Soluble; Soluble; Soluble in HC1
decdmposes . decomposes )
ReCl Decomposes Decomposes Soluble in HC1-
> _ and alkalis.
ReCls_ Soluble; Soluble Soluble in HC1
decomposes decomposes
Pluorides: Rth Decomposes . Decomposes Soluble in hO% HF
ReF6 Soluble; Soluble;
: decomposes decomposes
Oxides: Re203 Insoluble Insoluble Soluble 1in HNO.;
insoluble in Hél
ReO2 .Insoluble Ihsoluble Soluble in conc.
) ‘ HNO_ and HEO
ReO3 Insoluble Insoluble Soléble in a%kalis,
) ) : H50p and HNOj3
Re O, _ Very- soluble Very soluble Very soluble in
21 alcohol, acids and
alkalis
Oxy-Salts: ReggBr _
ReOC1), Decomposes Decamposes
Re0,Cl Decomposes Decomposes
ReOF)y
ReOosFp
Sulfides: ReS,. Insoluble Insoluble Soluble in HNZE;
: insoluble in cohol
_ . : ’ and alkalis
_Re287 Insoluble Insoluble Soluble 1in HNO3,
alcohols, and H,0o
Carbonyls: Re(CO)SCl ) Insoluble Insoluble Insoluble in organic
solvents ]
.Re(CO)sBr Insoluble Insoluble Insoluble in organic
' T solvents
Re(CO)_ T Insoluble Insoluble Insoluble in organic
2 solvents
Metal-Orgenic: (C/H_.),AsRe0 Insoluble " Insoluble Insoluble in aleochol;
—_— 675k 4 .
. S : soluble in other
_ organic solvents
020H16Nh'HReoh ~ Soluble Soluble '

®additional information eppears in "Handbook of Chemistry and Physics, 42nd
Ed., 1960-61," Chemicel Rubber Publishing Company, Cleveland (1960).



Red rhenium trioxide, ReOj, is formed when Re,0, mixed with rheniun

meta.l is heated to 3000 in a sealed capillery tube.

- Rhenlum dioxide, ReO2 , & brown-black powder can be obtalned by heating

rhenium heptoxide 1n a hydrogen atmosphere at 3000. When ReO,. is heated in

2
oxygen, 1t burns to rhenium heptoxide; it can be reduced to the metal when

2
form green-colored HE(ReCls) salts. These salts have a tendency to hydro-

heated 1n a hydrogen atmosphere. Hydrochloric acid will dissolve ReO_ to

lyze and produce a brown-bleck rhenlum dioxide hydrate, ReOE- x H20.

Rhenium sesquioxide, Re is known only in the hydrated form of

293
Re 0 X H20 It is produced by adding alkali hydroxide to a solution of

Rezci6. This hydrated oxide form 1s unstable, and it wlll gradually decom-

pose water to form hydrogen.

" b. The Oxy-salt Compounds

Perrhenates (Re+7), rhenates (Re+6), hypornene.tes (Re+5) s m.ete.hypo-
Thenates (Re"'5 ), pyrohyporhenates (Re 5), orthohyporhenates (Re+5 Y,
rhenites (Ret ) as oxy-salt compound.s of rhenium are known.

The perrhenates, Ml(Reoh), are the most stable of these conlpounds and
result from the neutralization of perrhenic acid, EBeO)_I_;, with alkali hydrox-
ides. They usually are formed as anhydrous erystals and will be colorless
u.nless.colored. cations are present. They e.re genere.lly soln'ble in weten :
and can be melted .without decemposition. Almost all other rhenium compou.nda

are prepared from pota.ssium perrhena.te ’ KReO,_I_ Potassium perrhenate is more

stable, even in strong a.]J;al:Lne solutions ) tha.n potassium permanganate.
Perrhenates nay also be fermed dinectly by .fusiné rhenim metel powder in
‘the presence of oxygen with e.lkal_'l. hydroxides. |

The rhenates, Ml(ReOLL) and the hyporhenates and their derivatives ,
Ml(ReO M (Re 07), end M (Reoh), ere ot eastly prepared Ueneliy they
are present 1in melts » a.nd., since temperature dependent equili‘bra. exist between
the various oxid.etion states, these oxy-salts are d_'l.fficult to isola.te 'because

of the changes in temperetu.re and oxygen content



The rhenites, M';(Reoj), are cbtained by fusing Re0, with alkali hydroxides.
They are usuelly-brown in color and are insoluble in wvater and caustic alkalls.

" e. The Sulfur .Compounds
Rhenium does not form a monosulfide compound. The dlgulfide, ReS

o
and the heptasulfide, Re237, are the chief gulfide compounds of rhenium.
Fhenium disulfide can be prepared either by a direct combination of the
components or by treating Rezﬂ..{ in nitrogen. It occurs usually es black,
trigonal leaflets which are insoluble in hydrochloric acid and in alkall
sulfide solutions. When strongly heated, it will decompose into Re apd 8,
8ince ReS, can t.ake up excess sulfur in solid solution, its camposition

2

does not correspond exactly to the formula ReB2

Rhenium heptasulfide, 287 1s produced by sa.tura.t:l.ns atrongly acid

solutions of the perrhenates with hydrogen sulfide.- Euwever, it will be
dispersed as a collold if the acld conctra.tion_ is not at an optimm con-
ditlon. Bany(3) reports that these conditions a.re.12 g of HC;L per 100 ml
of solution. Re,S, is imsoluble in hydrochloric ecid end in alkali sulfide
solutions. When 1t is dissolved in nitric acid, it will form perrhenic
acld, BI!eOlI_. An irreversible reaction will occur end the disulfide, Resz,
will be formed when-the heptasulfide is heated.

Monothiope;rhma.te ions, (ReO S) , are formed when neutral perrhena.‘be

solutione or dilute perrhenic acid of a ca.t:l.cm are saturated w:lth 1128. The
alkali monothio;perrhena.tes are very soluble in water; whereas, such compounds
as thallium(I) thioperrhenate, Tl(Re03S), 1s only elightly soluble. The

monothioperrhenates will gradually decompose ln solution to form compounds

with a higher sulfur content. Tetnthioperrhena.te compounds are also known
to exist.

d. The Halogen Compounds
The halogen campounds of rhenium genera.]_'l.y form stable ' atid-complexes.

Fluoride, chloride, bromide, and lodide campounds of rhenium are known.
The bromide and the iodide campounds do not exist in the free state; however,

their acido-salts correspond to the chloro-salt compounds.



Bhenium hexafluoride, ReF6, is formed =5 a colorless gas when rhenium
powder is reacted with fluorine at 1250. When the gas condenses, a yellow
crystalline mass is formed. When ReF6 gas mixed with hydrogen is passed

through & tube at 200° , rhenium tetrafluoride, -ReF,_.I_, is deposited on the

walls of the tube as a greenish black mass.- Rth_ will decompose l1n water.
It dissolves completely in 40% HF. If thils solution:.is tresteéd with KF,

- potassium hexafluororhenate(IV), -K2(ReF6), will be produced. -K2(ReF6) can

also be produced by reducing ICReO)_I_ in e hydrofluoric ecid solution with KI.

Oxyfluorides, ReOF)+ and Re02F2 » cen algo be prepared.

Rhenium pentachlorilde, ReCls, is formed when rheqium is combined with
chlorine at a temperature of 1250 ReCl3 and ReECiG are also formed in
this process; however, ReCl5 can be sépa.rated by Bublﬁation in e high vecuum.
ReCl5 is deep brown-black in co-lor,_ and when it 1s heated in nitrogen, it
will form Re2016. @e oxychlorides, ReOClll_ and Re03Cl, are formed when

5
ReCl5 will dissolve and will form the acid, HE(ReOClS), as well as perrhenic

ReCl_'is heated in oxygen. When it is treated with dilute hyd_i'ochloric acld,

acld, BRéOl'_, and chlororhenic acid, H2(Re016)' Chlororhenic acid, Hé(ReCls),

and free éhlorine are produced when ReCls.is treated with co_ncentra‘ted HC1.
Chlororhenic acid, I-I2(Re016), ca.ﬁ also 'pe prepared by dissolving ReQ2

in hydrochloric acid or by reducing perrhenate compounds with HI in concen-

trated hydrochloric acid solution. &, ReCls) 1s very similar to chloro-

o
platinic acid, H2(P_t016), in ite reactioms. For example, potassium hexa-

chlororhenate, K2(ReC16), obtained by warming a mix'ture of potassium perr-
henate and potassium iodide with concentrated HCl, is very insoluble in
hydrochloric acid. K2(Re016) is hydrolyticelly decomposed in water.

When ReCl. is thermelly decomposed, rhenium trichloride, ReCl, or

5 3
Re2016, is formed. ReCl. 1is soluble in water and is rapidly hydrolyzed in

3
pure aqueous solution to form Re203' b 4 H20. It is stable in HC1 solution,

and. at ordinary temﬁem‘tures , 1t w11l not react with permanganate or chlorine
water. It exists in hydrochloric acid solution a.s.E(ReClh_), and when alkali

chlorides are added to this solution, chlororhenste(ITI) salts, wt (ReClh),




will crystallize out. Upon heating, the chlororhenate salts will decompose
to produce chlororhenate(IV) salts, rhenium and Re,Cle.

Rhenium trioxychlorlde, Re0,Cl, can be obtalned either by reacting

3

metallic rhenium with a mixture of chlorine and oxygen, or by heating ReCl5

or Re2C16 in oxygen, or by treating Re20,.( with ReClE. If an excessg of ReCl

is used, rhenium oxytetrachloride, ReOClh, will be formed. ReO

5

Cl can he
3

hydrolyzed in water to produce H.Reoh_ and HC1, whereas, in the hydrolysis of

ReOClu_, EReou_ and HCl are -produced. and the black oxlde, ReO,, is deposited

2,
upon the walls of the vessel. When ReOCl,_,_ 18 dissolved in hydrochloric aecid,

& complex acid, H,(ReOCI.),is formed. The salts of this acid are very un-
? T2 6

stable. ReOClh_ will react with ammonia to form ReO(NH,).Cl. This oxydia-

2) 2
midodichloride compound will decompose at temperatures above 11-000 to form

. ) r
Re and ReO,. Diamidorhenic acld, Hzl_Re03(NH2)2] will be formed if ReO(l‘IEz)eCl

is reacted with ice water and can be tramsformed to Re(NHz) diamidor-

. 2%
henium dioxide,if heated in a vacwum at 100°.

e. The Carbonyl Compounds

Rhenium pénta.ca.rbonLl , [Re(co); p can e produced by heating rhenium -
heptoxide, Re20.7 , &t 250° with carbon monoxide at a pressure of 300 to 40O
atmospheres. Colorless crystals are produced by this reactio:;. The penta-
carbonyl is siightly volatile. It is .not very soluble in organic solvents..
It is stable st ordinary temperatures, but will decompose at Itemperatu:es
higher than 250°.

If ReCl. is heated with CO and Cu, oFf if IICReOh is heated with CO end

5
CCl,, rhenium chloropentacarbonyl, Re(CO)BCl, can be formed. The corresponding

bromo- or iodo-pentacarbonyl compounds can be obtained if K2(ReZBr6) or

KE(ReIG) are used instead of ReCl The rhenium pentacarbonyl ha.lidés are

5
colorless crystals. They are not very soluble in orgenic solvents and are
quite stable at ordinary temperatures.

Some of the carbon monoxide in- the rhenium pentacarbonyl and in the

pentacarbonyl halides, when these compounds are reacted with pyridine or
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orthophenanthroline, can be replaced by these nitrogen compounds to form
organic pyr or o-phen compounds.

f. The Rhenide Compounds

The abllity of rhenium to exist in the mononegative valence (-1) state
gives rise to certaln rhenide compounds. Mononegative rhenium was first
observed followlng the reduction of dilute, acidified solutions of potassium

perrhenate in a Jones reductor. In studies with alkell perrhenates, it was

possible to isolete such compounds as potassium _1'henide tetrahydrate, lCRe-ll-Hgo,
by an extraction of the potassium hydroxide formed in e reaction involving

the reduction of potassium perrhenate in ethylenediamine-water solutions

by means of potassium me-te.l.(h) Unfortunately, limited information exists

on the propertlies of thls and corresponding rhenid.es.

B. The Analytical Chemistry of Rhenium

As pointed out elsewhere in this monograph, the use of a known amount
of inactive rhenium cerrier 1n a separation method elmost elways makes it
practicael to obtaln the rhenium cerrier in e welghable form in the final
stege of the separation procedure used. Two things are achieved if this is.
done. The radionuclide is concentrated into a small mess for the radiocactivity
measurements, and the carrier 1s obtelned es & welghable compound which can
be used to determine any loss of the "carrier” during the analysis. Three
weighable forms, i.e. (1) the meta.l,(S) (2) tetrai:henylarsonium perrhena.te,'(s)

(7,8)

and (3) nitron perrhenate, are considered to be acceptable gravimetric
forms for determining rhenium. Duva.l(c‘?) in his py'rblysis studies. of various
"rhenium compounds, -suggestS- certein criteria for obtaining both the tetra-
phenylarsonium perrhenate and nitron perrhenste in a desireble weighing.
form. One 'preméuisite in obteining any of these weighing forms is that the
rhenium be separated from other elements (in ra.d_iochémistry,. thesé could be
elther stable or redioactive) before the fimal precipitation of the rhenlum
or one of its compounds is made .I |

Hillebrand, et a.l,(5) point out that in the method involving the welgh-

ing of rhenium as the metal that the rheniun mist be seperated from other

11



nonvolatile elements before its conversion. A precipitation of rhenium as
rhenium heptoxide, ]Re207 , can be used to bring ebout this separstion. Rhenium

metal can then be produced by igniting the Rezs.7 at 900°C in e hydrogen

atmosphere.

When a precipltate of tetraphenylarsonium perrhenate, (CGH h_AsReOh_,

5)
1s desired, the rhenlum in the form of perrhenate cen be precipitated from

solutions varying from strong emmonical (6 M) to moderately acidic (5 M HC1) .
by treating the solution with an excess of 1% solutilon of tetraphenylarsonium
chloride.(s) Permanganate, perchlorate, periodate, icdide, bromide, fluoride,
nitrate, thiocyanste, mercury, bismuth, lead, tin, silver, and vanadyl lons
will interfere in this precipitation of rhenium as tetraphenylarsonium
perrhenate. Tungsté.te'a.nd metavanadate ioms will not interfere tmdef these
conditions. If the precipitation 1s made in either a 6 M ammonium hydroxide
or a 0.6 M tartaric acid solution, molybdenium will not interfere.

Tungsten, molybdenum, palladium, pla.tiﬁum, gold, and gemanilm will
interfere in the precipitation of rhenium with diphenylendanilodihydrotriezole,

ni-tron . (10)

Also, nitrates, chromates and the higher valence states of
menganese must be removed before the precipitetion or high results willl
occur. In order 1o minimize these interferences, the rhenium can be first

separated as Re and then dissolved in a sodium hydroxide solution con-

287
taining 3202 in order to prevent greater than theoreticel ylelds. The

rhenium in this soiution 1s in the perrhenate form and can be precipitated
‘from a 0.0.h- N sulfurlec acid solution wlth an excess of a 51: solution of nitron
acetate (5 grams of hitron in 3 ml of acétic acld and dissolved in 100 ml |

of water). The composition of the nitron perrhenate formed 1is CzoElsNh_'HReOh.

The metal or either of the above rhenium compounds can be conveniently
used to obtain the rhenium "carrier" and the rhenium radionuclides in a form
sultable for a radloactivity meesurement after they have been isolated from
a stable a.nd/or radicactive nuclide mixture., Of course, the followlng informa-
tion on current ideas in isolating and determining inactive rhenium do not

p;‘eclud.e that it 1s always necessary in e radiochemical separation to obtein
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the carrier and the radioelement as a precipita.te before the radioactivit_y
measurement. Sometimes it would be sufficient to accept and use, for example,
one of the phases obtained in solvent extraction, or an allquot from the
eluate obtalned from an ion-exchange separation column, or a portj_.on of a

. paper chromatogrem, in the radiocactivity measurement.

1. Separatlion By Precipibsation

Rhenium ca.n be separated from meny other elements by precipiteting it
as Rezs.7 from a strongly acid or a.lkaliﬁe aolutio::t.(5 ) Nonsulfide-forming
" elements are peparasted by saturating elther a 4 N hydrochloric acid or a
6_§ sulfuric acld solution with hydrogen sulfide. (Since RezS7 is insoluble
in alkaline sulfide solution, the golubility of molybdenum sulfide in a similar
solution can be used in separating rhenium and molybdenum. (5) ) Technetivm
(a8 a radioactive speciles) in a lower oxidetion state (reduced from Tc+7__

to '.T.‘c+)+) wiil not precipitate in a strong aecid solution so rhenium may be

S
(11,12,13)

(1%4)

separated as Re.S_ from it by a hydrogen sulfide precipitation at 9-10 N
HC1.

Gerlit has reported that rhenium can be separated from technetium b‘y\"‘_

T to Tc"ll' and carrying the Tc""q' from the solution on an iron

reducing Tc+
hydroxide precipitate.

Jasim, et al. ,(15 ) reports on the detemina.tion of rhenium and its
sepaeration from manganese, technetium, ruthenium and molybdenum on an pltra-
microscale. .

Rhenium is not precipitated in elther acid or alkeline solutioﬁ by such
organle rea.geﬁts as dimethylglyoxime, d—nitroso-s—na.phthol, cupferron, O~

benzoinoxime, or by 8-hydroxyguinoline. Benzoinoxime(ls)

(17)

end 8-hydroxy- a

~quinoline in acetic acld have been used to quantitatively separate it from -

molybdenum; after filtering, rhenium was determined in the filtrate as

(18)

nitron perrhene.te.(lo) However, Hurd points out that small amounts of

rhenium cannot be determined in the presence of large amounts .of.molybdenum,
beceuse perrhenic acid can be edsorbed very readily upbn the molybdenum-

hydroxyquinolate complex.
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Rhenium (as well as tellurium, aelt.a.r.lium,. molybdenum, mercury, gold and
pla.‘ginuin) can be separated from either aluminum or uranium by précipitating_
aluminum and uranium from solution with 2 N sodium sulfide.(lg) ’ S_u'bsequer:Lt
.sepax.-ations of the rhenium from a.n,y' of the other elemente would have to be
made before the final precipitaetion of rhenium.

Tribalet(20)

and Tribalat and Beydon(zl) have used tetraphenylearsonium
chloride to separate rhenium from molybdenum. Tetraphenylphosphonium '

chloride and tetraphenylstibonium chloride also form insoluble crystalline
(22) i

salts wlth perrhenate. Tetra.phen;yiphosphonium perrhenate is sufficieﬁtljr
insoluble to be determined gravimetrically.

A water insoluble yellow crystalline hydride sublimate, biscyclopenta-
dienylrhenium, (C5H5)QREH’ can be formed by the interaction of rhenium, as
rhex;lium pentachloride, with cyclopentadienylsodium in -tetrahyﬂrofurén. (23)

It is :_rea.dil_y oxidized in alr but can react as & base with other salt compounds
to form more complex rhenium compounds. Bankovski, et ﬁl.,(zu)have shown that .
the thioxlnates of elements which form sulfides are not hydrolyzed By water
and are more stsble than the oxinates. This analytical study with thioxine
(8-mercaptoquinoline) end its use with certain masking agents, such as thiourea
and KCN, appears to have applications for separating rhenjum from such ele-

ments as gold, platioum, cerium, tungsten, indium, and cobalt.

2. OSeparations by Volatility

Rhenium can be separated from molybdenum by volatilizing rhenium heptoxide,

(26) heve used the

Re207,- from e hot acid solution.(_25) Hoffman and Lundell
dropwise eddition of nitric acid,.hyd:ochloric aclid and hydrobromic acid: _
to & hot (200-220°C) sulfuric acid solution to volatilize rhenium. i'G'erma.nium,
arsenic, selenj__uin, tin and antimony will also be volatillzed under these. _:
conditions _:, Small a:ﬁou.nts of rhenium in molybdenite ores can é.lso be vola~ _
tilized frém a sulfuric acid solution of the one by heating (at temperatures -
of 260—2‘_780(}') the solutlon in the presence of steam and a.ir.(27) Small
amounts of molybdenium and selenium wlll also volatilize fram-the m:l_xtu.re

Gile, et al., (529 nave used O, gas to aistill Re 0, from cone. H 80, - °

2 277
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9N HBr sclutions. Rhenium, as Re207, can also be distilied from a mixture
contailhing technetium( 30) by distilling with HCl gas from 80% sulfuric acid
at 200°.

The dropvise addition of hydrochlorie acid or hydrobromic acld to a hot
(2_00-220°C) perchloric acid solution containing rhenium cen also be used to
volatllize rhenium, as Re 07 (26) Antimony, arsenic, chromium, germanium,
osmium, ruthenlum, and tin are also volatile under these same c_onditions.
Glendenin(3l) and fark_er, et al. ,(32) h_ave shown that rhenium ca.n be partially
separated from tech.netium, rutheniu:m and molybdenum, because 1t is non-
volatile in a perchloric ac:l.d solution 7 Although 1t has been suggested(33)

\_\ e T
that the interference of moly'bd.enu:m in a volatilization system can be inhibited

by edding E3P0h or SiO2 to the solution, 1t is not practical to add H3P0h_ or

8102 to the perchloric acid systém, since molybdenum will be retained with
the rhenium. Edwards and Pool(ah') have used repeated eva.pora.tions of solu-
tions containing rhenlum and technetium alternately with hydrochloric and

nitric mcids. Rhenium will voletilize under these conditions , and this

e ___ %

|

property suggests a method of separation. The volatilizetion of rhenium
sulfide heated to 100°C in a chlorine strea.m(lz) also suggests a possible
sep;a.ration method for the rhenium radiomuclides.

If a.ny of these volatilizetion methods are used in the rediochemistry
of rhenium, it must be recognized that the radionuclides of any other vola-
tile element, eithér wholly or pa.r'biélly volaetlile under the same conditions
represent potential interferences and must be removed. A technlqué such as
the nonvolatility of rheniumr in an HC1 diatilla.t'ion(s's ) eppears prectical;:
for instance, arsenic, tin and antimony will dis‘;',il under these conditions .

3. Separations by Electrolytic Methods

Hillebrand, et al. ,(36) indicate -bhﬁt electrolytic methods are not very
satisfactory. A number of elements interfere, and only small amounts of
rhenium (less than 15 milligrams) c_a.n.be hendled, Usually the deposition
is incormplete,. and the aeposited rheniuﬁ is conteminated with oxygen. The

best results are obtained when a stationary tethode of sand-blasted pletinum
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gauze and a spirel anode enclosed in an unglazed milli£e thimblé are used.
The electrolyte should be dilute sulfuric acid (5 + 95) and the electrolysis
should occur overnight at e current density of 0.25'ampere per dm2 and 2.34
volts between the electrodes. Although depbsits of this type can be weighed,
it is probaebly best to convert the deposit to perrhenic acid, EReOh, by
exposure to molst oxygen or eir, and then determining the rhenium by some
gravimetric method. Rogers(37) has shown that rhenium (end molybdenum) can
be partially separated from technetium by\depositing technetium as the dioxilde’
from a 2 M NaOH solution. A saturated calomel electrode at a controlled
cathode potential of -1.1 volts was used to electrodeposit technetium in
concentrations of lO-h M or greater.

4. Separation by Solvent Extraction

Solvent extraction methods used as separation methods for other analysis
techniques can often be adapted for use in radiochemistry and can bé quite
useful in separating e radioelement eilther in a "carrier-free" 'gstate or in
combination with milligram amounts of "carrier." Morrison and Freiser(ae) have
recently reviewed the applications of ilon association and chelate coﬁplex systéms
to the determination of most of the'elements. Some of these methods, perticularly
those concerned with organic soluble chelates are applicable for use as
separation processes 1ln the radiochemistry of rhenium.

a. Ion Association Systems

At least 61% of Re*’ (as well as Nb+5, Ta+5, Sn+2, or Sn+h) can be

extracted frum:a 20 M HF solution by ethyl ether.(39) Rhenium can also be
separated from molybdenum either by an ethyl ether extraction from a KSCH-
HgN03(ho) system or by a butyl alcohol extraction from a KSCN—HCl—SnCl2

system.(ul) Rbenium cannot be extracted by ethyl ether from a dilute (L + 1)

hydrochloric acid solution;(hz) likewise, rhenium es either 1'-le+LL or_Re+7

1s not easily extracted from an aqueous HBr-ethyl ether system.(u3) - Other

(k)

systems, involving thilocymnate-ethyl ether, heteropoly acids,(us) alkyl

(46)

phosphoric acids, and trialkyl phosphine oxides,(hT)'offer gome possi-

bilities of separating rhenium from other elements, particularly molybdenum.
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Rhenlum, as ReO,_I__, can be separated from molybden@ and many other
elements, but not technetium,by extractions wlth hexone, butex, and other

(30,48)  Gor156(1") hag shown that rhenium, as Re0,”, could b

solvents.
separated from ruthenium end molybdemm (but not technetium) by extracting

it either from en acid solution with alcohols, ketones, or tributyl phos-

phate or from a basic solution with ketones or. qclic amines. Re+7 hes

been extracted from a 3 M 1(2003 solution of chromium and nioblum with methyl
ethyl ketone ;(h9) a gimilar separation wes also effected by use of 50% or

70% tributyl phosphate in benzene extraction of a hydrochloric acid solution.(hg)
It is also possible to consider the work of Boyd end La.rsen(so) in their

gtudies with technetium. In this investlgation, extractions with tertliary
amines, ag well as quaternary ammonium salts, give an excellent seﬁara.tion

of technetium from other elements. Sﬁch technlques cpuld also be used for

gepaerating rhenium from other elements.

Fhenlum tetraphenylersonium chloride salts bave been found to be

extracteble into chloroform end hmfe provided e basis for separating rhenit

(21,51,52) and from tun.gateﬁ.(Bz) Chloroform extractable

from molybdenum
selts have also been observed with tetraphenylphosphonium cin.'l.or:l.de ,(5 3)
triphenylbenzylphosphonium c:hJ.t:)r:I.de.,(5 4) and 2 ,h-diphenylthiosemicarbeéide
chloride.(55) mtures of chlbmfom-z-isobutanol have also been used to
extract rhenium L-hydroxy-3-mercaptotoluene chloride complex from a solution
containing molybdenum and rhenium salts. (56) _ Rhenlum has also been separated
from technetium by forming a copper-phthalocyanin complex to carry the tech-
netium in a solvent extrection process.(57)_ Hiskey and_Meloche(27) also
report on the extraction of Reoll__ thiocyanate with amyl elcohol.

b. Chelate Complex Systems

Although & limited number of literature references exist for the deter-
mination of rhenium by chelate compounds, it is recognized thét many of the
systems described in Morrison and Freiaer(38) could be used to assist in
separating ra.diorh_enium from other radioactive or stable elements. In par-

ticular, the fact thet rhenium is not precipitated (es polnted out elsewhere
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in this report) from either acid or alkaline solutions of dimethylglyoxime,
o-nitroso-p-naphthol, cupferron, Q-benzoinoxime, or by B8-hydroxyguinoline
offers a potential method for its separation fram other elements. However,
in the use of dimethylglyoxime, 1t has been found thet Re*! ions can be
partially reduced with Sn€l, to glve a yollow dimethylglyoxime complex in
acld solution that can be extracted with benzyl a.lcohol.(58 ) Alpha-benzil-
d1cxime vill also form a complex with partially reduced Re*7 fons and the
camplex can be extracted from a 9 M 3230,4_ solutlon wlth benzyl alcchol. 01(58)
has used this method to separate a few micrograms .df rhenium from mlligrem
amounts of molybdenum. . .

Molybdenum and tungaten can be specifically separated from rhenium
(and all other elnt_s) by & benzoinoxime precipitation in an acid solu-
tian followed by a chloroform extraction of their .com;plexea.(s 9) Fhenium
can be extracted from & concentrated HCl solution of 2% sodium diethyl-

(60) Some interferences from molybdemm .

(61)

dithlocarbamate by ethyl acetate.
and other elements were experienced. Golshi and Iibby report on a
pyridine method of separating rhenium. . In this method, pyridine is added
to a solution of perrhenate and the mixture shaken with 4 N NaOH. The layers
are separated by centrifugation} Mo'O and Te'? also extract under these
conditions. A simllar system has been used to determine Re'! in chromite
and columbite oms.(hg)
5. Separations by Ion Excha.g@sina

Rhenium's anionlc behavior has made it possible to develop anionic-

exchange resin techniques capable of separating rhenium fram other elements. .
Conversely, although very little information 1s available, 1t should be

possible to use cationic-exchange resins to separate rhenium fram cationic

specles by taking advantage of the fact rhenium will not be adsorbed to_ any g:reat

extent by the cation resin.
Perrhenate ion, Re+7, hes a very high affinity for strong-bese anion
exchnngers.(3°’62-64) It is strongly adsorbed fram 0.1 M HC1 solution by '

the anion exchanger, Amberlite IR-L4. (_65.) Anion exchange reactions in phos-
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(63: 66'70)

phéte syétems have been used to separate rhenium from tungsten,
and from va.nq.dium(sﬂ and from molybdenum.(68’69)
ReOL'_- has been sepaz_‘a.téd. from Tcoh' on Dowex-2 reslin 1n the sulfate
form by use of a 0.1 M ammonium sulfate-thiocyanate sclution at pH 8.3-8.5.(70)
ReO)_l__ can algo be separated from TcOh_- by elution of the anions from Dowe:/c_—D
(84 c-rosslinks.ge) resin with 0.2 M HC10), (72) or 0.25 M potassium perchlo-
rate.(72) Kraus and Nelson's(63) investigations of anion exchange studies
of metal complexes in hydrochloric. acld and other chloride solutions have
brought about several usefu.‘l. techniques for separating rhenium from ma.ny
elements. Hlcks, et al.,(73) have shown that Re+7 is not easily eluted
from e Dowex-2 anion exchenge resin column when it is complexed with 12 M

(74) ) (75)"
HC1. Fisher and Meloche and Meloche and Preuss have shown that simi-

6

lar ion exchange systems can be used to separate Re+7 from N_lo+ .

6. Separations by Paper Chromatography and Electrophoresis

The separation of Reoh_ from Tcoh_' by paper chromatography has been

studled by Lederer, (76) Iederer and Ward, (77 and de Ca.rva.].ho.(78) Paper
(48) '

electrophoresis has also been used by de Carvelho to separate ‘I'(:"J+ from

Be"JJ'. A 1% solution of SnCle'Zﬂeo in molar hydrochloric acid es the electro-

lytes and a curpent of 150 volts were used. Rhenium, in this instance,

and anlonic chlorocomplexes of Re+]+. In

remalned at the origin as ReO2

each of these methode, technetlum must be first reduced by such agents as
hydmzine,(ha) hydrobromic acid, (11-8) hydroicdic a_cid., (LIB) or hydrochloric
acid.(79)

IV, DISSOLUTION OF SAMPLES CONTAINING RHENIUM - ,L

When dissolving rhenium—con'ba.ining samples, it 1s necessary to use i
techniques that will minimize the los-\'s of rhenium by vola.tilizatioﬁ.(eo) d
If sulfuric or perchioric acid solutions are fumed, with or without hydro-
chloric acid or nltric acld, serious loss of rhenium can occur. No losees

of rhenium occur when hydrochloric, nitrle, or hydrochloric-nitric acid-

solutions are boiled. Such solutions should not be eveporated to dryness

19



or the residue ignited. Minerals contelning rhenium cen be dissolved in
nitric acid or in mixtures of nitric—hydrochloric acid. Acld-insoluble
samples can be fused with either sodium carbonate or sodium carbonate-
sodium nitrate, or sodium peroxide-sodium h&droxide.

Any one of these techniques can be adepted for use in the radlochemistry
of the rhenium radionuélides. However, it is considered most practical to
add the inactive rhenium carrier to the mixture before dissolution . begins.
This assists.in achieving en exchenge of the carrier with the radionuclide.
In perticular, it i1s to be recommended that the dissolution of rhenium-
coﬁtaining mﬁterials should be cerriled out ﬁnder strongly oxidizing condi-
tions in order to emsure the conversion of.all lower states of rhenium to
Re+7. The use of such conditions will elso ald in bringing about & proper

exchange between the lnactlve and radicactive rhenium ioms.

V. SAFETY PRACTICES

No metter what method is used for decomposing ﬁ sample, adequate safety
precautions should be used. The toxicology of most elemental compounds have
been reported by Pieters and Creyghtonsel) and it should be consulted for
information on handling rhenlum-containing meterials safely.

Sefety practices in handling radiocactive semple materials 1s EEEEZE-
important in.radiochemiétry. The discharge of radioactivity by explosion
or evolution into a leboratory area can be hazardous and can.result in wide=-
spread. contamlnation. Thus, some sourée 6f information on safe handling
practices in processing radioactive samples should be consulted before a
raediochemlcal enalysis 1s undertaken. One such source is that which is given

(82)

in the Oak Ridge National ILaboratory's Master Analytical Manual. Many

other similar sources of information exist and should be consulted.

VI. COUNTING TECHNIQUES FOR RADIOACTIVE RHENIUM ISOTOFPES
The analysis of semple materials containing radionuclides of rhenium
may be completed either by a direct (nondestructive) measurement of the

radicactivity of the particular radionuclide or by obtaining the particular.
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radionuclide in some form by radiochemicelly processing the radioactive
sample. The use of either téchnique is dependent upon the radiocactivity
of the ;henium radionuclide_being measured and such chaeracteristics asg the
radionucllde’s half-1life, the type of redlations it emits as 1t decays end
the energy of its radiatlons must be conmsidered in selecting the analysis
technique to be followed.

Table I of this monograph shows the'nuclear characteriétics of each of
the known radioactive isotopes of rhenium. The chief radioisotopes of rhenium

usuelly encountered by the radiochemist are Rel86 (88.9 n), Relsam

(18.7 m),
and Rela'B (16.7 h). These isotopes are produced as a result of & number of

nuclear reactions on steble isotopes of rhenium or on the stable isotopes_of
other elements. Thearadioactivity of any of these rhenium redionuclides

can be analyzed and measured by standard Gelger-Mueller, gamma scintillation

"and proportional counting tecﬁniques.(83-86)

VII. COLLECTION OF DETAILED RADIOCHEMICAL FROCEDURES FOR RHENIUM

Very few radlochemical procedures exist for the determination of the
rhénium radionuclides. Fach of the procedures have evolved from each investi-
gator's.chdice of ideas and techniques similar to those expressed in Section
II1 of th;s monograph. In almost ell of the procedures to be cited, a carrier
techniqué has been used to separate the radionuclides from the radioactive
mixtures. Carrier-free separations involving distillation and the carrying

(28,29)

of the rhenium radiocactivity upon copper sulfide and the anion exchange

of Reoh_ from Tcou_ and molybaenqm(7o) have been describéd. Tt would eppear
that any volatility, solvent extractlon, or chromatography separation pro-
cedure could be used to servé in the cerrier-free separation of the rhenium
radionuclides.

The ca;rier radiochemicel procedures that follow have originated from
analysts engaged either in work on the preparation end use of radioactive

(61,87) (31)

tracers, or fission product analysis, or in the use of radio-

(88,89)

actlvation analysis. In particular, i1t has been necessary to consider
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the use of radiochemical separatioms (see Procedures 1 to 5) for the rhentum
isotopes in radioattivation analysies concerned with the determination of
rhenium in enzyme soiutions,(90) meteorites,(9l-93) ores,(u9) minerals and
rocks,(gh) and marine blologicel ash.(95) A detailed.proceéure of the use
of radioactivation analysis and the radiochemical separatlion method folloned
in the determination of trace rhenium in enzyme aolntionﬂ(go) and, ores(ug)
appears 1n the ORNL Master Analytical Manual.(96’97)

In the radiochemical procedures that follow, speclal information regard-
ing the procedure's use, the type of nuclear bombardﬁent, the type of material
analyzed, separation time, etc., appear as part of each procedure. Whenever
_possible,_an evaluation of each procedure is made with regard to i1ts use in
the decontemination of other radioactive specles from the radioantive rhenjum

isotope.

fROCEDURE 1
Procedure Used In: Radioaétivation analysis
Type of Material Analyzed: Chromlte, columbite and titenite ores(u9)
Type of Nuclear Bombardment: RelBB(n,y)Re186 (Re186: 88.9 n)
Re187(n,7)Re188 (Relsaz 16.7 h)
Procedure By: Leddicotte, G. W. and Grimenis, A. P. (Reported-by_Leddicotte(96))
Chemical Yield of Carrier: ~T0%
Seperation Time: 2-3 hours .
Decontamination: See Note 1

Equipment Needed: Neutron source and standard 1abofatory equipment

Procedure

"A. Irradiation of Semple Material

1. Irradiate known amounts of test (see Note 2) and compsrator (0.025
to 0.030 @. of rhenium metal to nearest 0.1 mg.) samples in a neutron flux
of at ledst 5 x loll'n/cme/éec for 16 hours (see Note 3). Use small quartz

tubes or aluminum foil to contain the samples.
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PROCEDURE 1 (Continued)

B. Preparation of Irradiated Test Portions for Analysis

I. Comparstor Samples

1l. After the irradiation, quantitatively transfer the comparator sample
to a 50 ﬁl volumetric flask, then dissolve.it'in.a small ﬁeasured volume of
conc. HN031 then dilute to 50 ml with water. Mix well; using safe-handling
practices for radioective materials. _

2. Pipet & 1.00 ml allgquot of this_solution intoua second 50 ml vol-
umetric flask; dilute to volume with weter. Mix Vell.

3. Pipet & 1.00 ml aliquot of this solution into a 50-ml glass centri-
fuge tubé. By means of a volumetric plpet, add to the seme tube 2.00 mi of
a standard carrier solutlon of known rhenium concentration (Note 4). Dilute
the-solution.to 10 m1 with water. Continue with Part C below.

IT. Test Samgle!s}

1. Quentitatively transfer all of the irfadiated test pqrtion from the
quaftz tube or aluminum wrap to a nickel crucible. Add 0.5 g. of NaeOH (as
pellets) to each crucible. Place the crucible into-a maffle furnace preheated
to 325-35000. Heat for 5 minutes. Remove from the_furnace, then add ~ 0.8
grem of Ne,0, in two portions (~ 0.4 g; each time). Slowly swirl the crucible
after each addition (Note 5).. o

2. Return the crucible.to the muffle furnace (Note 6). Heat at a
temperature of 650-68000. for at least 10 minutes. The crucible should be
swirled several times during thie heating period.

.3. Cool,the'crucible; then add 10 ml of water. Stir the mixture with
a stirring rod. Trensfer thé slufried solution to a 50-ml glass centrifuge

tube. Add 8 ml of 3 M HC1 and 5 ml of 6 N HNO., to the solution. If the

3
solution 1s not acidic, add additional 6 N HCl dropwise to the mixture.
Then, by means of a volumetric pipet, add to the same centrifuge tube 2.00

ml of & standard cerrier solution of known rhenlum concentration. Stir the

solution (Notes 7 and 8). Continue with Part C.
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PROCEDURE 1 (Continued)

C. Radiochemical Separation of Rhenium

1. Cool the solution (Note 9); then add 1 or 2 NaOH pellets to the tube
(Note 10). A precipitate results, remove by centrifugation. After centri-
fuging, transfer the supernatant liquld to a new.centrifuge tube. Save for
further processiné. '

2. Dissolve the precipitate by adding dropwise 6 i) HCl{ Stir while
adding acld and only =2dd enough acld to dissolve the precipitate; Adjust
volume to 10 ml with water; then add 1 or 2 Naoﬁ pellets fo the tube (Note
10). antrifuge; combiﬁe this supernatant liquid with supernetant liquid
obtalned in C-1 above. _

3.' Add suffiéient solld K2CO3 to make the solufion 3‘M in KECO3 (the’
11). Stir ﬁhe.mixture unti; all of the K2CO3 is dissolved.

L, T:ansfer the solufion to a 125-ml separatory flask; add an equal
volume (Note 12) of equilibrated methyl ethyl ketone (Note 13). Shake the
" mixture for 2 minutes. Allow the pheses to sep&nﬁte, then discard the agueous
(lower) phase.

5. Wash the organic phase by adding an equal volume of 3 MK solu~

. 2%%3
tion and shaking the mixture for 2 minutes. Allow the pheses to separate;
then discard the aquéous phase.l .

6. Trensfer the:organic:phaae to a 100-ml beaker; add 2 drops of 30%
H202 and then slowly evaporate (on & steem bath or on a low-heat hot plate)

the mixture to near dryness. Cool, then add 15 ml of B.0 and 0.4 g. of

2
NaCl. Heet the solution to boiling and add 5-6 ml of 1% tetraphenylersonium
chloride soiution to it. Digest the mixture for one hour on & steam bath.

Ti Filter off the (C6H5)EASREOH precipitate through a tared filter
paper (Munktells No. OO) thgt is held in a Hirsch funnel; wash the precipitate
three times with 10 ml portions each of ice water and alcohol. Dry the pre-
cipltate fof 15 minutes in a drying oven at 110°C. ﬁéigh the (C6H5)hASReOh

precipitate (Note 14) and filter paper on an analytical balance. Then mount

2L



PROCEDURE 1 (Continued)

the precipitate and filter paper for the radioactivity measurements. (See
Part D below.)

D. Measurement of the Radioactivity from Rela6 {and/or Relea
tion of Inactive Rhenium Content of the Original Ssmple

) and Calcula~

l. This enelysis may be completed by eifher beta or gamma counting.
Re186-(88.9 h) decays with negatron beta radlations (0.93% and 1.072 Mev),
orbital electron capture (x-ray emlssion observed) and gemms Tay (0.1372,
'0.627, and 0.764 Mev) emission. Re188 (16.7 h) decays with negatron beta
radietions (1.9, 1.96, and 2.12 Mev) and gamma radiations (many; chief of
which are those having energies of 0.1550, 0.623, 0.828, end 1.610 Mev).
These respective measurements may be made by counting with a Géiger-Mueller
counter, e gamma scintillatlon counter, or a gamma scintiilationlspectrometer.
In the uée of the leatter instrument, thé Photopeaks of the major gamma radia-
tions are measuréd.

2. Followlng the radioactivify measurements, the obse;ved radioactivity
1s corrected for loss of "carriers"™ during the experiment, half-iife of the
rhenium redicactive iscotope measured, and the sample weights of eilther the
test or comperator aample; A comparison of these correctéd radloactivities

becomes a meesure of the stable rhenium content of the test sample:

Percent stable Re in Test Sample =

Corrected Radloactivity of Re in Test Sample <
Corrected Radloactivity of Re in Comparator Ssmple

100.

NOTES :

1. 1In this instance, at least 106 from Crsl-(

27 a) ana W (35 a);
no other contaminants found.
2. At leest 0.10 grem portions should be used. Duplicate
portions of test and compafator semples should be analyzed. _
| 3. Thé Osk Ridge Netional laboratory Graphite Reactor wes used for the

irrediations. The sensitivity of the method is such that 1 x 10_9 gram of
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PROCEDURE 1 (Continued)

rhenium can be determined. The sensitivity can be improved by use of higher

-neutron fluxes.

+7

4. As perrhenic acid, HReOu, solution; Re concentration equels 10

milligrams per milliliter.

5. The Neao2 should be added at 5 minute interveis. Swirling the
crucible stirs up all unreacted perticles.

6. Temperatire of furnsce should be changed to 650-680°C.

T. The solutidn of the chromlite ore must be clear. If not heat the
solution until it becomes clear.

8. A white precipitate of Nb,O_ should occur at this point during the

275
- treatment of the columbite ore. If the preciplitate is black,'heet the mixture

to boiling until a white precipitate is obteined. Remove the Nb20 by filter-

3

5
ing or by centrifuging the mixture.

9T If a chromite ore is being processed, add 1 ml of tarteric acid
solution. - . |
10. This should be sufficient NaOH to make the solution baeic; If not,
add additionai NaOH pellets_to neutralize solution.
il. If totai eupernetent liquid volume.is 40 milliliters, 16.6 grams of
solid K co willlbe required to make solution 3 M 1n K_CO

3 2°73°

12. Volume should be approximately 50 ml.

. v{;!."'.{_.gv'ﬂ. [ f:“""‘\‘:*'“

13. The methyl ethyl ketone is equilibrated by stirring or shaking a
volume of 1t with 3 M K ,C05 solution.

14, By comparing the final weight of -the (0611 ) yASRe0), precipltate
obtalned here with the theoretical yleld expected for the amount of rhenium
cerrler added, it is possible to determine the chemical yield of the experi-
ment. The chemical yield correction is then used to determine the amount of

186 (and/or Re™ ) recovered during the separetion process.
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PROCEDURE 2
Procedure Used In: Radloactivation analysis
Type Material Analyzed: En.zymes(go) -

Type of Nuclear Bombardment: 1=le:|'85(n,7')Re:|'86 (Rela-G, .88.9 h)
Re®7(n,7)2e'® (re™®, 16.7 1) |

Procedure By: Brooksbank, W. A. and Leddicotte, G. W. (Reported by Ieddicotte(97)) :
Chemical Yield of Carrier: ~ T0% |

Separation Time: 2-3 hours

Decontamination: 105

Equipment Needed: HNeutron source and standard laboi-atory equipment

Procedure

A. Irradistion of Sample Materials

1. Irradiete known volumes of test (see Note 1) and comparator (0.025
to 0.030 g. of rhenium metal to nearest 0.1 mg) samples in a neutron flux
of at least 5 x 10t n/cm-e/sec-l for 16 hours. (See Note 2)

B. Preradiochemical Processing

I. Comparator Samples
1. Quantitatively transfer the comparator sample to a 50 ml volumetric

flask, dissolve in a small measured volume of conc. HNO,, dilute to 100 ml

32
with water. Mix well; using safe-handling practices for radiocactive materilals.
2. Plpet a 1.00 ml aliguot of this solution into a second 50 ml wolu~

metrie flask, dilute to volume with water. Mix well.

3. Pipet a 1.00 ml aliquot o_f. this Boiu‘bion into & 125-ml distlllation
flask. Add to the same flask, by means of a volumetric pipet, 2.00 ml of
standard rhenlum carrier solution (see Rote 3). Also, add 1 ml each of the
recomnended holdback carriers (see Note 4). Dilute to 20 ml with water,

mix well, a.nﬂ. add 10 ml of conc. HESOlI_. Proceed with step 1 of Part C below.
IT. Test Samples

1. Transfer all of the solution to a 125-ml distlllation flask. Add

%o the same flask, by means of e volumetric pipet, 2.00 ml of standard

rhepium carrier solution (see Note 3). Also, add 1 ml each of the recom-
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PROCEDURE 2 (Continued)

mended holdback carriers (see Note 4). Add an equal volume of weter end
10 ml of xmo3-11280u mixture (251@03:332504). Proceed vith step’l of Part
C below.

C. Radiochemical Separation

1. Flace the alstillation heed cn the flask (see Figure 1) end dis-
til in e current of air until Ezsou fumes are evolved. CO_llect._ the distillate
in 20 ml of 6 N FaCH contained in a 50-ml centrifuge tube held in en ice
bath. | ' _ oo

2. After the distlllation has been stoyped.,' heat the distillate to

near bolling end then saturate the solution with 12[23 until the coagulation

of Rezs7 is camplete. Centrifuge and discerd the supernatant liguld. Wash . alé
B Ly kA
the R0287 wilth 10 ml of hot water. - W df{
3. Dissolve the Re,8, in 1 ml of conc. ENO,; add 5 ml of conc. HBr f" g ~.e¢_,;**
. Y SaN
and evaporate ‘to dryness. Dissolve the residue in 15 ml of H,O. ﬁ' - *"“'

2
4. Add 1 ml of iron holdback carrier (5 mg-of Fe+3/ml) to the solution;

then add conc. NH,OH dropwise until-the precipitation of Fe(OH)3'is complete.. 4 _}'d

3
Heat to coagulate precipitate. Centrifuge; discard the precipitate. ;(’f‘ Jﬂl/
5. Repeat Fe(OZE)3 scavenging at least two more 'b:l.ms.. Arber final ”Jﬁt:,"l.;‘
scavenging, trensfer dupernatant liquid to another 50-ml centrifuée. tube. . ,1'54 %}D;
6. Add 0.k g. of sol1d FaCl to the solution,then hest the solution ] ju,ﬁ:‘ j‘_._é 1",,
to bolling and add 5 ml of 1% tetraphenylarsonium chloride solution to 1t. g -','r'“;@',a
.Digest the mixture for one hour on a steam bath. . jﬂ;‘?f

T. Filter off the (Cg)AsRe0; precipitate through s tared filter
paper (Munktells No. 00) that is held in a Hirsch funnel; wash thé precipi-
tate three times wilth 10 ml portions each of lce water and alcohol. Dry the
precipltate for 15 minutes in s drying oven at 110%. We:l.g,h the (c635)1|-A'5R°01|-
precipitate (Note 5) and filter paper on an anslytical balance. Then moynt
the precipitate and filter paper for the radiocactivity mea.surements (see

-Part D).



PROCEDURE 2 (Continued)
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PROCEDURE 2 (Continued)

D. Measurement of the Redioactivity from Re186 (and/or Relae) and Celcule-
tion of Inective Rhenium Content of the Origlnal Sample

l. This analysis may be completed by elther beta or gamms counting.
Be186 (88.9 h) decays with.negatron beta radiations (0.934 and 1.072 Mev),
'orbital electron capture (x-ray emission observed) and gamme radietions
(0.1372, 0.627, and 0.764 Mev). Re188 (16.7 h) deceys with negatron bets
radiations (1.9,71.96, and 2.12 Mev) and gamma rediations (many; chief of
which are those heving energies of 0.1550, 0.623, 0.828 and 1;610 Mev).
These respective measurements may be made by counting with a_Geiéer—Mugller
counter, a gamma scintiilation counter, or a gemma scintilletlion spectrometer.
In the use of the latter insfruments, the photopeeks of the major gamma
radistions are measured. - . .

2. Followlng the radloactivity measurements, the observed :adioactivity
15 corrected for loss of "carrier" during the experiment, half-life of the
rhenium radioactive lsotope measured, and the samile weights of either the
test or comparsator sémple. - A comparison of these corrected radiqactivities

becomes e measure of the stable rhenium content of the test sample:

Percent Steble Re In Test Sample =

Corrected Radioactivity of Re in Test Sample

Corrected Radiocactivity of Re in Comparator Sample x 100.

NOTES:

1. In this.instance, 1 milliiiter of solution.was placed 1n a poly-
ethylene bottle; comparator semples placed in small guartz tubes and sttached
to sildes of.bottlg with Scétch tepe. :

2. The'Oakfﬁidge National Laborstory Graphlte Reactor was used for
the irrediations.  The sensitivity of thils method is such that 1 x'i0-9
gram of rhenium cen be determined. The_sensitivity'can be improved'by'use
of ﬁigher neutron fluxes. | o

3. 'The_stan&afd rhenlum solution recommended has a concentraéion of

10 milligrams of Re''! per milliliter.
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PROCEDURE 2 (Continued)

4. Holdback carriers recommended are: copper, ccbalt, iron, Mmae,
sodium, s'-l'.rontim, and zinc.

5. By comparing the final welght of the (06H5)1|_A5Re0h precipitate
obtained here with the theonetical yield expected for the amount of the
carrier added, -it 1s possible to determine the chemical yleld of the experl-
. The chemical yleld correction 1s then used to determine the .amount

of _Ralas (and/or Relae) recovered during the separation process.

PROCEDURE. 3
Procedure Used In: Badioactivation_ analysis
Type of Material Analyzed: Iron Met.eoritea(ea’ag)
Typt; of Fuclear Bombardment: Rela5(n,7)ne186 (Re186 88.9 n)
T(n,7)8e® (o' 16.7 1)
Procedure By: Brown and Goldberg
Chemical Yield: 60-90$. '

Decontamination: Aﬁequate from arsenic, selenium, germanium and other
volatlile halides.

Equipment Needed: Ae indicated 1n procedure.

Procedure

l.. Dissolve 0.3 to 0.5 gr. of -irrsdiated meteorite in 20 ml. of con- -
centrated HBr. Add 10-15 mg. of Re in the form of standardized potassium
perrhenate carrier. Evaporate to dryness. Add 10 ml. more of HBr and

- repeat evaporation.

2. Teke up the residue in 10 ml. of water. Ad.d 10 ml. of concentrated
sulfuric acid end distill in e current of alr until 2 or 3 ml. of sulfuric
ecid remain in the flask. Collect t.he distillate in 20 ml. of wvater in a
50 ml. centrifuge tube kept in en ice bath.

3. Place the centrifuge tube in a stenm.ba.th and pass in 1123 until
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PROCEDURE 3 (Continued)

the coagulation of ReEST is complete. _Centrifuge end discerd the supermate.

Wash the Reas7 with 10 ml. HEO'

4. Dissolve the ReéS7 in 1 ml. of HN03;

evaporate to dryness. Teke up residue in 20 ml. of HQO}

edd 5 ml. of conc. HBr and

5. Add 5 mg. of ferric iron in the form of ferric chloridef Adad NHuOH
drop by drop t111 precipitation of fefr1C'hydroxide occurs. Heat on steam
bath, Centrifuge, and discard the precipltate. Repeat Fe(OH)3 scavenging
at least two more times,

6. Add 5 ml. of a 1% aqueous solution of tetraphenylersonium chloride.
Let the precipitate -of tetraphenylarsonium perrhenate stand for 20 minutes.
Filter, wash wlth two 25 m;. portions of hot water and 25 ml. of alcchol.
Welgh, dry 15 minutes at 110° end mount for counting.

T. Ten to fifteen mg. of irredlated rhenium metal wes dissolved in'lo
ml. of nitric acid and dilutéd to 1000 .ml. A 1 ml. ellquot of this sélu-
tion was added to the carrier aliquot. The combined solution was diluted

to 50 ml. The stendard was then treated ss in paregraph 6.

NOTE
The 90 hr. rhenium-186 wes used as a besis for counting. The meteoritic

rhenium gave the reported 90 hr. half-life -and an ebsorption curve that was

identical with that of the standard rhenium'sample.
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PROCEDURE 4
Procedure Used In: Radioactivation analysis
Type Material Analyzed: Marine Biologlcal Ash(9>)

18€ e186, 88.9 n)

Type of Nuclear Bombardment: Re185(n,7)Re (R
Pfocedure By: -Fukai and Meinke(gs)

Chemical Yield of Carrier: (Unknown)

Separation Time: (Unknown)

Decontamination: (Unknown)

Equipment Needed: (Unknown)

Procedure
NOTE: The authors(gs) point out that the specimens were irradiated

for 10 hours, then processed radlochemically. Re186 removed from mixture

by (C6H5)4A501 precipitation followed by chloroform extraction. Re186

radioaétivity measured by means of gamma spectrometry.

PROCEDURE 5
Procedure Used In: Radioactivation analysis
Type Materiﬁl Analyzed: Meteorites,(93) Minerals and Rocks(9h)
Type of Nuclear Bombardment: Re 0o(n,y)Rel®6 (Re186, 88.9 h)
Procedure By: Hefr<57)
Chemical Yield of Carrier: (Unknown)
Separation Time: (Unknown)
Decontamination: Adequate decontamination from osmium

Equipment: As indicated in procedure

Procedure . A

NOTE: ©No specific information has been given on this procedure.
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PROCEDURE 6.
Procedure Used In: Preparation of radioactive tracers
Type Material Bombarded: Tantalum, Tungsten
Type of Nuclear Bombardment: a) 184" -cyclotron (388 Mev alphass, 348 Mev
: protons, 194 Mev deuterons)
b) 60" cyclotron (37 Mev alphas, 9.5 Mev
_ protons, 19 Mev deuterons)
Procedure By: Hicks, Wilkinson (reported by Meinke(ST))
Seperation Time: 30 minutes
Chemical Yield of Carrier: ~ 100%
Decontamination: Good

Equipment Needed: As indicated in proceduie
Procedure

1. Dissolve W and Ta in HF with a nintmm of HNO, in pletinum disk,
and Re carrier added. ' -

2. st is passed.into the bolling solution for 15 minufes precipitating
black 33287. Céntrifuge and wash in a lusteroid test tuﬁe.

3.. Dissolve Rees7 in 3 ce 1 M NaOH end l.drop 30% H202 and transfer
to glass gentrifuge cone. .

L. Scavenge twice or three times with Fe(0H); (~ 1 ng Fettt).

5. Repfecipitate BeEST from strong HC1 golutiop (add 10 cc conc. HCl),
centrifuge and wesh. | | _ |

6. This procedure gives excellent puiify; but for a&ditionai éurity,
the sulfide can 5e transferred to a still with H2SOh and thg volati;e oxidg
distilled in a cuITent of air and catching the distillate in cﬁncgnfrated

NaOH.
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PROCEDﬁBE T
Procedure Used In: Carrier-free separation of Re from irradigted targets
Type of Materiel Analyzed: Tantalum
Type of Kuclear Bombardment: - Cyclotron particles
Procedure By: Gile, et al.(28’29)
Chemical Yield of Carrier: A carrier-free separation; no carrler added
Separation Time: Several hours .
Decontamination: 102-103

Equipment Needed: Standard

Procedure

1. Dissolve tantelum target iﬁ mineral acld solution} then, evaporate
solution to piecipitate Ta205. Centrifuge. Transfer supernatant liquid to
distillation flask.

2. Add 36 N stou and 9 N HBr to the distlllation flesk; distill ReEQ7
with CO2 into conec. HN03.
3. Bvaporate the nitric acld soclution; dilute to 3 N stoh and add
copper ca?rier. Saturate with st, carrying the Re207. Cenfrifuge; discard

the supernatent liquid. .

4. Dissolve the CuS precipitate in dilute HNO Evaporate the solution

3
to dryness. Take up the residue in water, then neutralize with NaOH to pre-
cipitate the copper. Centrifuge; discard the supernatant liquid.

5. Transfer precipltate to a watch. glase. Dry by evaporation.

Mount for counting.
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PROCEDURE 8
Procedure Used In: Radioactive tracer applicetions of technetium
Type of Material Analyzed: Irradisted silver (NOTE 1)
Type of Nuclear Bombardment: Mesons (NOTE 1)
Pfocédure By: Goishi and Li'bby(sl)
Chemical Yield: ~ 100% of RetT carrier added
Decontamination: None from Tec or Mn .

Equipment Needed: Standard

Procedure

1. Make solution 4 M in NaOH; =dd Re carrier.

2. .Add pyrid:l.né and extract Re. {NOTE 2).

3. Add 4 M HC1 to the pyridine extracts; saturate with H,§ to precipi-
tate Re287. Centrifuge; discard supernatant liguid.

4, Dissolve Re257 precipitate in dilute NaOH and 30 1':[202. Add 0.05

M (CSHS)LAsCl to precipitate (C6H5)hAsReOh.

5. Filter off (CSHE) MASReOh-; mount for radioactivity measurement.

NOTES
1. Procedure studied for use in isolating technetlum radiocactivity
from meson-irradiated silver. Can be used also in determinetion of trace

rhenium.

2. Pyridine equilibrated by saturating with 4 N NaOH.

36



PROCEIXRE 9
Procedure Used In: Studies on Beparating Re from Mo target (and Tc)(To)
Type of Material Analyzed: Molybdenum
Type of HRuclear mea.rdment
Procedure By: Atteberry and Boya(T0)
Chemical Yield of Carrier: ~ 100%
Separation Time: Several hours
Decontamination: Completely from Tc

Equipment: Standard plus anion exchange resin column.

Procedure
1. Add concentrated H,S0) to solution of target. Distill Re0, and
Te, 0 into water.

277
2. Add Re carrler and satuyrate water solution with 323 to précipita.‘be
Re S, . (NOTE 1)
3. Dissolve 3’5287 in 1!202 and NElI_OE. Place on Dowex-2 anion exchange
i)y resin colum. Elute Re0) with 0.1 M (WH)),80) and NH,SCN solution adjusted
“to pE 8.3-8.55 vith NaCH.
b, @tMM elution until all Re radiocactivity is removed (NOTE 2).

Then evaporate to small volume for counting.

RoTss

1. Te radicactivity will also ‘carry.

2. Te radiosctivity remains on column.
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PROCEDURE 10
Procedure Used In: Seperation of rhenium from fisslon products
Type of Material Analyzed: Filssion product mixture

Type of Nucleary Bombardment: Neutrons
(31)

Procedure By: Glendenin
Chemical Yield of Carrier: ~ 100%
Separation Time: Several hours
Decontamination: None from Tec

Equipment Needed: Standard

Procedure

1. Add conc. HBr to fission product solution; evaporate off'12 and Bréz
2. Add H2804 and distill Re207 into water.

3. Add Re carrier to distillate; saturate with H_S to precipitate

2
Re257. Centrifuge; dilscard supernatant liquid.
‘4. Dissolve Rezs7 in conec. HNOS; add Fet3

cipitate Fe(OH).,. Remove scavenger precipitation by centrifuglng or filter-
3 :

carrier and NEhOH to pre-
ing.

5. Add 0.05 M (C6H5)uAsCl to the filtrate to precipitate (CSHB)LAsReoh.

Mount and count.
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